Introduction 28
Poly Lactic Acid (PLA) is an environmentally friendly polymer produced from plants 29
(mainly from starch and sugar) including corn, potatoes and sugar-beets, and has attracted attention 30 for its biocompatibility, biodegradability, and thermoplastic processability. 1 It has been reported 31 that the greenhouse gas emission rate of PLA is approximately 1600 kg CO2/metric ton, while that 32 of polypropylene (PE), polystyrene (PS), polyethylene terephthalate (PET), and nylon are 1850, 33 2740, 4140, and 7150 kg CO2/metric ton, respectively.
2 Further, PLA's low temperature of thermal 34 degradation with minimal solid residue (gasified lactide) has made it an attractive candidate as a 35 sacrificial component in polymer fabrication。 [2] [3] [4] 36 PLA is also one of the two major plastics explored as 3D printing inks (the other being 37
Acrylonitrile Butadiene Styrene (ABS)) because of its thermoplastic properties. 5 Although ABS is 38 currently the dominant 3D printing polymer, PLA offers the advantage of bio-compatibility. As a 39 sacrificial component, PLA can be 3D printed to create complex-shaped molds [6] [7] [8] . For example, 40
White et al. 7 have fabricated PLA as spheres (0D), fibers (1D), sheets (2D), and 3D printed 41 sacrificial materials, leaving behind the reverse replica. Pitet et al. 9 have explored PLA as a 42 sacrificial component in copolymers to create porous membranes for battery separators utilizing the 43 fact that its decomposition temperature is about 200 o C lower than thermally stable polymers such 44 as polyimide (PI), epoxies, Poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP), etc. The 45 decomposition of neat PLA occurs above ~550K, which can lead to the thermal instability of other 46 polymer blends in practical applications during prolonged heat treatment 7 . Therefore, alkali earth 47 metal oxides 3 , rare metal (scandium (III) triflates (CF3SO3-)) 10 , and tin-containing compounds 7, 8, 11 48 were studied as catalysts for PLA thermal decomposition. Moore et al. 6, 7 added Sn-based reactants 49 to lower the decomposition temperature by 90 K to effectively remove sacrificial PLA at a lower 50 temperature while avoiding thermal damage to the epoxy mold. It was found that the same amount 51 of SnOx additive works even better than tin (II) octoate to further reduce the total decomposition 52 time at the same temperature. 7 Mori et al. reported similar results using Sn-based compounds and 53 recognized that these catalysts could enhance the breakage of ester bonds in the polymer backbone, 54 thus promoting the fragmented polymer ends to experience chain backbiting and transesterification 55 reactions before further depolymerization.
11 Almost all of the previous studies used a high loading 56 of more than 5 wt% catalyst. It is widely known that controlling the removal process of the sacrificial materials is extremely 66 difficult, requiring carefully designed thermal conditions and perfect timing to fully eliminate the 67 sacrificial material at minimal cost, while also keeping the host material undamaged. 15, 16 68 Therefore, catalysts are added to increase the decomposition temperature difference between the 69 sacrificial materials and host materials to maintain the integrity of the host polymer. 3, [6] [7] [8] [9] [10] [11] Usually 70 the removal time for even nano-scale channels are hours to days and are highly non-linear relative 71 to different heating conditions, which makes the control process hard to predict. 6, 7, 15 The severity 72 of this problem increases as larger and more complex geometries are required with the rapiddevelopment of 3D printing using such sacrificial materials.
13, 14 MOs have not been studied 74 extensively as catalysts for PLA, especially at small loadings ( < 5%) 3,6,11 . 75 In this work, we employed 1 wt% MOs loading to study the catalytic effects of MOs. Bi2O3, 76
CuO and Fe2O3 are synthesized by spray pyrolysis [17] [18] [19] and then uniformly embedded into PLA 77 matrix using solvent evaporation casting. XRD and SEM are 
Experimental 89
All metal oxide additives are in-house synthesized by aerosol spray pyrolysis. [17] [18] [19] The spray 90 pyrolysis system (pictured in Figure 1 ) consists of an atomizer (to produce aerosol droplets), a 91 silica-gel diffusion drier (to remove solvent), an isothermal furnace (to decompose precursor 92 droplets), and a stainless steel sample collector with 0.4 µm DTTP Millipore filter (to collect 93 nanoparticles). The aerosol droplets of precursor solution are generated using a collision-type and water mixture is used as the solvent. The aerosol spray pyrolysis is a droplet to droplet method, 103 and the formation mechanism of MOs is described in Figure 1 below. Lognormal poly-dispersed 104 spherical solid particles are generated e.g. the Fe2O3 particles are spherical particles with a 105 lognormal distribution peak at 84nm. Figure 3a ) and 3b) show neat PLA cross-sectional image without particles, and Figure 3c ) and 3d) 155 are PLA/Fe2O3, PLA/CuO films images, respectively. It is clear from these images that all 156 nanoparticles are well dispersed in the PLA films. Figure 4 shows the cross-sectional PLA/Bi2O3 157 structure, and it is clear that spherical Bi2O3 are uniformly dispersed in PLA and un-aggregated. 158
The film is about 50 µm thick, indicated by low magnification image of Figure 4a ) and Figure 4b) . 159
Moreover, Figure 4c To better evaluate the decomposition kinetics at various heating conditions and scales, 185 which are necessary as fundamentals to predict the catalytic effects of the MOs on the PLA 186 decomposition, we have extracted phenomenological rate parameters using a numerical pyrolysis 187 software -ThermaKin. 20 ThermaKin solves the mass and energy conservation equations 188 numerically for one or two dimensional objects exposed to external (convective and/or radiative) 189 heat. In this study, we use the thermally thin mode to simulate the thermal degradation processes 190 inside the STA furnace. The material of the object (sample) is described by multiple components, 191 which may interact chemically and physically. The neat PLA and PLA/MOs kinetics were 192 characterized using the methodology reported in our recent publications. 23 This methodology has 193 been successfully applied to reproduce TGA and DSC signals of 15 non-charring and charring 194 polymers. 23, 24 The resulting kinetic parameters were also shown to predict gasification or burning 195 rates of these polymers at a wide range of thermal conditions. 23-26 196 In the previous study, neat PLA was tested using STA and the kinetics of its decomposition 197 was modeled using two consecutive first order reactions. The MOs do not affect the phase transition as evident from DSC curves in Figure 7 (enlarged 210 temperature range in the left corner). The kinetic parameters describing the melting were reported 211 previously 23 . For all the PLA composites, MOs are found to affect the thermal degradation process 212 significantly, which is apparent in both the TGA and DSC measurements. The impact of MOs on 213 the kinetics of decomposition is quantified through changes in the parameters of the first (major) 214 reaction. The kinetic parameters are summarized in Table 1 . With the exception of PLA/Bi2O3, 215 the decomposition of all composites can be described by two consecutive reactions. The kinetics 216 of the second reaction remain unaffected by the addition of MOs. In the case of PLA/Bi2O3, the 217 thermal decomposition process consists of three consecutive reactions reflecting a more complex 218 DTG signal. It has been widely concluded that the thermal decomposition of pure PLA is a one-219 stage reaction that involves the loss of ester groups in pure nitrogen 28 and air 29, 30 , consistent with 220 our observations for neat PLA and PLA/CuO in this study. Other researchers have also observed 221 multiple reaction steps with the addition of other catalysts 6 , although little information on 222 mechanism is available. Our speculation for the existing second peak is that part of the PLA 223 remains unaffected by the catalytic Bi2O3 during the first decomposition step, and it decomposes 224
as neat PLA at a higher temperature to form the second peak. Further investigation is required to 225 validate this hypothesis. 226
For all the materials, the solid lines in Figure 8 is approximately equal for all tested samples yielding 19.5±0.8 kJ/g. Therefore, all of the these 246 three types of 1wt% PLA/MOs affect the thermal degradation processes only in the condensed 247 phase but have no effect on the heat of combustion. 248
Conclusion 249
In this paper, we offer a facile method to incorporate metal oxide additives and evaluate 250 their catalytic effects on PLA thermal decomposition. More specifically, we have explored Bi2O3, 251
CuO and Fe2O3 nanoparticles as catalysts for PLA thermal decomposition. Bi2O3 is shown to be a 252 highly effective catalyst for PLA thermal decomposition. With only 1wt% loading, it lowered the 253 onset decomposition temperature (T5%) by 75 K and the decomposition temperature at the 254 maximum weight loss (Tmax) by approximate 100 K, comparable to the most effective catalysts 255 studied so far. The same amount of Fe2O3 and CuO nanoparticles have moderate and negligible 256 effects on PLA thermal decomposition processes respectively. The overall catalytic effects of the 257 three metal oxides trend as: Bi2O3 > Fe2O3 > CuO ≈ inert material. 258
The complete heats of combustion for the PLA/MOs composites have been measured by 259 MCC, in which 1wt% MO additive catalyzes the thermal degradation processes differently in the 260 condensed phase, and moreover, have negligible effect on the complete combustion heat in the 261 gas phase as expected. PLA/MOs decomposition was then quantatatively analysed to extract 262
Arrhenious parameters for the decomposition kinetics, which offers possible explanations and 263 predictions to evaluate thermal decompostion kinetics at other heating rate conditions. 264
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